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Abstract 54 
 55 
 56 
Previous research has found that the ingestion of glucose boosts task performance in the 57 
memory domain (including tasks tapping episodic, semantic and working memory). The 58 
present pilot study tested the hypothesis that glucose ingestion would enhance performance 59 
on a test of prospective memory. In a between subjects design, 56 adults ranging from 17-80 60 
years of age performed a computerized prospective memory task and an attention (filler) task 61 
after 25g of glucose or a sweetness matched placebo. Blood glucose measurements were also 62 
taken to assess the impact of individual differences on glucose regulation. After the drink 63 
containing glucose, cognitive facilitation was observed on the prospective memory task after 64 
excluding subjects with impaired fasting glucose level. Specifically, subjects receiving 65 
glucose were 19% more accurate than subjects receiving a placebo, a trend that was 66 
marginally non-significant, F(1,41)=3.4, p=0.07 but that had a medium effect size, d=0.58. 67 
Subjects receiving glucose were also significantly faster on the prospective memory task, 68 
F(1,35) = 4.8, p<0.05, d = 0.6. In addition, elevated baseline blood glucose (indicative of 69 
poor glucose regulation) was associated with slower prospective memory responding, F(1, 35) 70 
= 4.4, p<0.05, d = 0.57. These data add to the growing body of evidence suggesting that both 71 
memory and executive functioning can benefit from the increased provision of glucose to the 72 
brain.  73 
 74 
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1. Introduction 79 
 80 
 81 
Recent research has addressed the value of glucose ingestion and/or improvements in 82 
glucose regulation as possible sources of memory enhancement. Memory facilitation after 83 
moderate increases in glycaemia, through the ingestion of a glucose-containing drink, has 84 
been shown in younger adults [1,2], middle aged adults [3,4], the elderly [5,6], older adults 85 
with Mild Cognitive Impairment [7] and patients with Dementia [8]. This work is mirrored 86 
by evidence showing that older adults with non-insulin dependent diabetes mellitus can boost 87 
memory functioning with improvement in glycaemic control [9]. Moreover, work on rodents 88 
has found extracellular glucose levels to be depleted during memory tasks, and that glucose 89 
administration was beneficial as a memory enhancer [10; see also [11] for similar work on 90 
humans]. The current study aimed to extend previous research to examine prospective 91 
memory. Prospective memory (PM) is a term used to describe the ability to recall and act 92 
upon future intentions [13]. It plays an important role in everyday activities such as shopping, 93 
cooking, household chores, and making social arrangements. Medium to large effect sizes 94 
have been found for other memory domains [14], therefore it is not unreasonable to predict an 95 
effect of similar size for PM. More recent papers have highlighted the need to consider the 96 
ability to regulate glucose [4,15,16], therefore a secondary aim of the current investigation is 97 
to examine the role of glucose regulation (indexed here by fasting baseline blood glucose 98 
levels) on PM performance.  99 
 100 
Glucose is the most abundant simple sugar and the key energy source of the central 101 
nervous system. The high rate of blood flow to the brain and subsequent delivery of glucose 102 
is due to the brain’s high metabolic rate (See [17] for comprehensive account of glucose 103 
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delivery to the brain). As stores of glucose in the brain are limited [18,19] it is not surprising 104 
that increasing its supply impacts on cognition. However, explaining the widely reported 105 
specificity of the glucose facilitation effect to memory tasks (particularly episodic memory) is 106 
more problematic. The dominant position is that those tasks that result in high levels of 107 
hippocampal brain activity benefit from the administration of glucose [20,21], but an 108 
alternative view is that glucose has a more global effect. For example, cognitive enhancement 109 
effects have been demonstrated on simple reaction time [22], working memory [2], implicit 110 
memory [23], attention [24] and tracking tasks [25]. This has led researchers to propose that 111 
the overall difficulty of the task is critical (e.g. [26]; see also 23 for discussion of the 112 
relationship between task difficulty and the optimal dose to be administered to observe 113 
cognitive facilitation). Kennedy and Scholey [2] reported an association between 114 
performance level and the subjects’ subjective assessments of task difficulty. Sunram Lea et 115 
al. [27] observed greater glucose-enhanced performance for episodic memory tasks 116 
performed under dual (demanding) rather than single (less demanding) task conditions. This 117 
provides support for the “condition-based hypothesis” that only demanding tasks may be 118 
susceptible to glucose facilitation, providing that they also have a memory component [28]. 119 
Prospective memory tasks fit this description. 120 
 121 
A typical laboratory paradigm for assessing PM was employed in the current study. It 122 
employed an ongoing “cover” task, where subjects had to respond to a series of stimuli. 123 
Embedded within this series were particular items that required an extra response (PM cues). 124 
Upon encountering these cues, subjects had to remember to act on their previously formed 125 
intention to respond in a different way than to the majority of the stimuli. The main 126 
hypothesis was that subjects who consumed a glucose drink would out-perform subjects 127 
receiving a placebo. This finding could be seen as evidence against the hippocampal account 128 
  
6 
of glucose facilitation because PM processes are thought to be mainly sub-served by the 129 
rostral pre-frontal cortex (see [29], for a recent review).  A secondary hypothesis was that 130 
subjects who attended the lab with low fasting glucose levels (“good” glucose regulators) 131 
would out-perform those with high blood glucose levels (“poor” regulators) since such 132 
individuals would be able to efficiently utilize glucose to aid task performance. 133 
 134 
 135 
136 
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2. Method 137 
 138 
 139 
 140 
2.1 Subjects 141 
 142 
 143 
Subjects were students at Glasgow Caledonian University and members of the local 144 
community selected from the Department of Psychology Participant Panel, ranging in age 145 
from 17 to 80 years (mean = 34.4; standard deviation, SD =17.0). We chose to test a wide 146 
range of ages so as to enable a more comprehensive assessment of glucose regulation, which 147 
is known to decline in ageing. The present study was approved by the Department of 148 
Psychology ethics committee. All subjects provided informed consent prior to participating. 149 
Sixty-six subjects were recruited and randomly assigned to either the placebo or glucose 150 
conditions prior to the study day. Ten of the subjects were excluded because of non-151 
compliance of the fasting regime or failure to pass the initial health screening procedure. In 152 
order to take part, people had to confirm that they did not have diabetes, an active infection, 153 
hepatitis, haemophilia or phenylketonuria and were not pregnant or HIV positive. They were 154 
also asked to confirm that they had not suffered from an illness known to affect their brain or 155 
memory performance. Among the remaining subjects there were 25 men and 31 women. 156 
Subjects were assigned to either the placebo condition (N=29; 18 females) or the glucose 157 
condition (N=27; 13 females). Although subjects were randomly assigned to the treatment 158 
and placebo conditions potential covariates were investigated (see Table 1 for subject 159 
characteristics). Independent samples t-tests revealed no differences (all p>0.05) for age of 160 
the subject, total score on the National Adult Reading Test (NART; [30]), baseline arousal 161 
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and baseline stress. In addition, Chi-Squared comparisons revealed no differences across 162 
treatments for gender and time of day of testing session (early vs. late morning vs. early vs. 163 
late afternoon). Importantly, the potential covariates were not correlated with prospective 164 
memory performance (all p>0.05) and therefore are not included in the analyses below. An 165 
initial ANCOVA was carried out with these covariates but did not alter the pattern of results 166 
described. 167 
 168 
2.2 Design 169 
 170 
 The experiment had a 2 x 2 independent samples design with two levels of treatment 171 
(glucose vs. placebo) and two levels of group (good glucose regulator vs. poor glucose 172 
regulator). 173 
 174 
2.3 Measures 175 
 176 
 177 
Pleasantness rating/prospective memory task.— The cover task (in which the 178 
prospective memory cues were embedded) involved rating a series of words for 179 
“pleasantness”. This task was adapted from Marsh et al. [31] and is typical of the kind of task 180 
often employed in lab-based PM research [32]. Following Marsh et al.’s [31] procedure, 12 181 
prospective cues (animal names) were embedded in a list of 288 other words. These words 182 
were concrete nouns obtained from the MRC Psycholinguistic Database hosted by the 183 
University of Western Australia (http://www.psy.uwa.edu.au/mrcdatabase/uwa_mrc.htm) and 184 
had between 4 and 7 letters. Two different lists were created, which were matched (all p>0.05) 185 
for word length (list 1 mean = 5.5; list 2 mean = 5.5), concreteness (list 1 mean = 529.6; list 2 186 
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mean = 530.8), imageability (list 1 mean = 529.7; list 2 mean = 533.0) and frequency (list 1 187 
mean = 50.4; list 2 mean = 45.3) according to Kucera and Francis norms [33]. Two lists of 12 188 
animal names were also created, matched (all p>0.05) on the same criteria (word length - list 189 
1 mean = 5.2; list 2 mean = 5.0, concreteness - list 1 mean = 611.0; list 2 mean = 605.2, 190 
imageability - list 1 mean = 592.1; list 2 mean = 600.8 and frequency - list 1 mean = 10.8; list 191 
2 mean = 10.5). These lists were used to create 2 versions of the pleasantness rating task. 192 
Half of the subjects received version 1 and half received version 2. Task version was 193 
randomly assigned prior to the study day. E-prime experiment-generator software was used to 194 
present the words and collect the responses. The words appeared in a different random order 195 
for each subject but prospective cues (animals) always appeared at intervals of 25 trials, with 196 
the first one occurring on trial number 22.   197 
Subjects were instructed to rate each word in terms of how pleasant they found the 198 
concept it represented; using a scale of 1 to 5 where 1 was “highly unpleasant” and 5 “highly 199 
pleasant”, using the number keys at the top left of the keyboard. They were asked to respond 200 
according to their first instinct, in order to encourage them to answer reasonably quickly. 201 
They were also instructed that the experimenter was interested in their ability to remember to 202 
perform an action later, and that they should press the “m” key whenever an animal name 203 
appeared in the sequence, before making their pleasantness rating. Responses to these animal 204 
words generated prospective memory accuracy and reaction time measures. 205 
 206 
 207 
 208 
Naturalistic prospective memory task.—The naturalistic PM task consisted of a 209 
questionnaire that subjects were told about at the beginning of the session, but were asked to 210 
delay filling in until the end of the session. The questionnaire asked them about their 211 
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experience of participating in the experiment, specifically whether they found the 212 
pleasantness rating task easy (on a scale of 1 to 7), whether they noticed that some words had 213 
more than one meaning, whether they tried to respond using their first instinct and whether 214 
they remembered to respond to the prospective memory cues. However, these questions were 215 
not actually relevant; the point of this exercise was to see how many subjects successfully 216 
remembered to go back to the questionnaire and fill it in without being prompted to do so. 217 
 218 
 219 
Sustained Attention to Response Task (SART).—This study used a version of the 220 
Sustained Attention to Response Task as a filler task [34]. In variants of this task subjects 221 
must respond to a frequently occurring stimulus by pressing a button, but withhold this 222 
response on the infrequent occasions when a different stimulus appears. In the version used 223 
here, subjects pressed the space bar every time an X appeared, but withheld it when a Y 224 
appeared. On each trial a fixation cross appeared for 900ms, followed by the letter (X or Y) 225 
for 300ms and then an inter-trial interval of 200ms. Subjects were instructed to give equal 226 
weight to responding quickly to the X and minimizing errors (responding incorrectly to the 227 
Y). They were given a practice block of 10 trials (including 1 Y trial), followed by a block of 228 
260 experimental trials (including 52 Y trials). These trials were presented in a 229 
pseudorandom order such that 4 Y trials appeared within every 20 trials, but at randomly 230 
determined intervals. E-prime experiment generator software was used to present stimuli and 231 
record responses. 232 
 233 
 234 
Stress and arousal questionnaire.—Differences in arousal across glucose and placebo 235 
conditions could account for patterns of prospective memory enhancement effects. Therefore, 236 
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the Stress-Arousal Inventory [35] was administered at four intervals throughout the 237 
experiment. 238 
 239 
 240 
2.4 Procedures 241 
 242 
 243 
Subjects attended the lab on one occasion between 9am and 4pm (see figure 1 for 244 
summary of procedure) and after giving informed consent, were asked to complete a 245 
compliance questionnaire to ensure they had not eaten or drunk anything except water within 246 
the previous 2 hours. Two hour fasting has been demonstrated elsewhere to give rise to the 247 
glucose facilitation effect (see [36] for discussion of fasting regimes). Subsequently they 248 
were informed of the need to complete a “participant questionnaire” at the end of the session 249 
(the naturalistic PM task) and the sheet was placed to one side and out of view. Capillary 250 
blood glucose monitoring was achieved by firstly taking a  small blood sample from the 251 
subject’s fingertip in order to measure baseline glucose level. The blood glucose measures 252 
were taken using a Medisense blood glucose sensor (MediSense UK, Ltd). Subjects then 253 
filled in the Stress and Arousal Questionnaire for the first time, and completed the National 254 
Adult Reading Test (NART).  255 
 256 
 257 
At this point they were given an instruction sheet describing how to complete the 258 
pleasantness rating task including instructions for the PM part of the task and had the 259 
opportunity to ask questions.  Following this instruction phase, subjects were given either - 1) 260 
Placebo – 200ml water flavored with five saccharin tablets and 45ml of ‘no added sugar’ 261 
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whole orange squash or 2) Glucose – 25g of glucose dissolved in 200ml water flavored with 262 
30ml of ‘no added sugar’ whole orange squash. A dose of 25g glucose was chosen since this 263 
has previously been shown to be the optimal dose to enhance memory performance in healthy 264 
individuals compared to doses of over 25g (See [14] for meta-analysis; [37] for dose-265 
response investigation into memory facilitation). Subjects (who were blind to the drink) were 266 
asked to rate the drink for sweetness on a scale of 1 to 5. There was no difference in 267 
sweetness ratings across drinks and therefore is not discussed further. After 10 minutes, 268 
subjects completed the filler task (SART). Another capillary blood sample was drawn to 269 
measure glucose levels before the main PM task. Subjects also filled in the stress and arousal 270 
questionnaire for the second time. The pleasantness rating/prospective memory task took 20-271 
25 minutes and subjects were given a copy of the rating scale to keep in front of them. 272 
However, they were given no reinforcement of the PM instructions before task 273 
commencement. A third capillary blood sample was taken after the pleasantness 274 
rating/prospective memory task, and subjects filled in the stress and arousal questionnaire for 275 
the final time. Finally, if subjects did not spontaneously remember to fill in “participant 276 
questionnaire” (Naturalistic PM task) they were prompted to do so. Subjects were assumed to 277 
have forgotten the questionnaire if they attempted to leave the room without completing the 278 
form. 279 
 280 
 281 
2. 5 Statistical Analyses 282 
 283 
 284 
In order to determine the effectiveness of the glucose manipulations we begin by 285 
reporting the analysis of blood glucose changes. The primary analyses are concerned with 286 
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mean accuracy and response times for the prospective memory task. Since individual 287 
differences in glucose regulation (baseline blood glucose here) may impact on the enhancing 288 
properties of glucose, the influence of glucose regulation (and the interaction with treatment) 289 
on prospective memory performance was examined. In order capture ‘healthy’ individuals 290 
only and to exclude those subjects who might be categorized as pre-diabetes/diabetic a cut off  291 
of equal to or above 6.1 mmol/l was chosen (impaired fasting; [38]). Five subjects in the 292 
placebo and 5 subjects in the glucose condition were excluded on this basis. Subjects were 293 
assigned as ‘good’ or ‘poor’ regulators of glucose based on the baseline blood glucose 294 
measurement. A median split was performed and all subjects above the median were classed 295 
as poor regulators, whereas all subjects below the median were classed as good regulators 296 
(See Riby, Meikle and Glover [39] and Meikle et al [40] for similar procedure for examining 297 
blood glucose levels and performance). Finally, we consider the naturalistic task performance, 298 
the filler task and the impact of stress and arousal on the glucose facilitation effect. 299 
 300 
 301 
 302 
 303 
 304 
 305 
306 
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3. Results 307 
 308 
 309 
3.1 Analysis of Blood Glucose Changes 310 
 311 
 312 
Blood glucose level was measured at 3 time points during the study – a baseline 313 
measure taken just after subjects arrived, before they attempted the PM task (15 minutes after 314 
arrival) and at the end of the session 45 minutes after arrival (but before they attempted the 315 
naturalistic task). These data are displayed in Figure 2. In order to determine the effectiveness 316 
of the glucose manipulation, an initial analysis was conducted on the blood glucose data. A 3 317 
(time point: baseline, midpoint, endpoint) x 2 (treatment - placebo, glucose) ANOVA was 318 
conducted on the blood glucose measures. There were main effects of treatment (F(1, 44) = 319 
33.8, p < 0.001) and time point (F(2,88) = 22.5, p < 0.001). There was also a treatment by 320 
time point interaction (F(2,88) = 19.4, p<0.001). Planned comparisons of the interaction 321 
showed that glucose levels remained constant across time in the placebo condition (all 322 
p>0.05), increased from baseline to the midpoint following glucose consumption (p<0.001) 323 
and remained stable between the midpoint and the endpoint measurement (p>0.05).  324 
 325 
3.2 Prospective memory performance 326 
 327 
 328 
The percentage of PM trials for which subjects responded correctly by pressing the 329 
“m” key was calculated (see Table 2). A 2 (treatment: glucose, placebo) x 2 (regulation group: 330 
poor, good) ANOVA revealed a non-significant trend towards a main effect of treatment, i.e.,  331 
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more accurate responding after the glucose solution (F(1,41)=3.4, p=0.07, d=0.58). Neither 332 
the main effect of glucose regulation group nor the interaction between regulation group and 333 
treatment were significant. The median reaction time on all correct PM trials was calculated 334 
for each subject. Group means of these median RTs are shown in Table 2. Subjects who did 335 
not respond correctly to the prospective memory trials (N = 7) were excluded from this 336 
analysis. A 2 (treatment: glucose, placebo) x 2 (regulation group: poor, good) ANOVA 337 
revealed a significant main effect of treatment in that subjects responded more quickly after 338 
the glucose solution (F(1,35) = 4.8, p<0.05, d = 0.6). The interaction between treatment and 339 
glucose regulation group was not significant, but there was a significant main effect of 340 
regulation group, revealing quicker responding for ‘good’ compared to ‘poor’ regulators (F(1, 341 
35) = 4.4, p<0.05, d = 0.57).  342 
 343 
 344 
3.2 Naturalistic PM task performance 345 
 346 
 347 
A comparison was made across treatment groups in terms of the frequency with which 348 
subjects remembered to fill in the questionnaire at the end of the session without prompting. 349 
With the placebo drink, 46% succeeded compared to 55% of subjects in the glucose group. 350 
These figures would be consistent with a model where treatment has a positive effect on the 351 
likelihood of remembering the questionnaire. However, Chi-square analysis revealed a non-352 
significant effect for treatment (p>0.59) and glucose regulation group (p>0.77).  353 
 354 
 355 
 356 
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3.3 SART Filler Task Performance 357 
 358 
 359 
Accuracy (hits minus false alarms) and reaction times for hits during the SART task 360 
were analyzed by 2 (treatment: glucose, placebo) x 2 (regulation group: poor, good) 361 
ANOVAs. No effects of treatment or glucose regulation group were observed in either case 362 
(see table 2).  363 
 364 
 365 
3.4 Stress and Arousal Questionnaire 366 
 367 
 368 
 In order to consider physiological or psychological changes in state [3] we 369 
administered a stress and arousal questionnaire throughout the testing session. In order to 370 
firstly determine the influence of stress a 2 (glucose vs. placebo) x 3 (time of measurement - 371 
baseline, 15 minutes later, 45 minutes later) ANOVA was conducted. There were main 372 
effects of time only (F (2, 108) = 4.97, p < 0.01; means = 4.1, 3.9, 3.0 for time point 1,2,3 373 
respectively). The same analysis was repeated on the arousal component of the questionnaire. 374 
There were main effects of time only (F(2, 108) = 5.5, p < 0.01; means = 9.4, 9.0, 8.0 for time 375 
point 1,2,3 respectively). Both stress and arousal decreased significantly over time. There was 376 
no evidence of stress or arousal effects across treatment so this is not discussed further. 377 
 378 
 379 
 380 
381 
  
17 
4. Discussion 382 
 383 
 384 
The current study set out to investigate the conditions whereby glucose facilitates 385 
cognitive performance and to examine the significance of glucose regulation. While reliable 386 
cognitive enhancing effects of glucose have been reported for memory tasks (particularly 387 
episodic memory), the impact on prospective memory has previously been neglected. 388 
Prospective memory is critical to everyday cognitive activities (e.g. remembering to take 389 
medicine) and has been reported to be particularly problematic in a number of populations 390 
(e.g. older adults and individuals with dementia; [41]).  391 
 392 
 393 
Consider first the correct responses during the prospective memory task. After a 394 
glucose containing drink, the beneficial effects were evident for memory regarding future 395 
intentions; showing a 19% boost in prospective memory performance (d=0.58; non-396 
significant trend p=0.07). The further finding was of facilitation for response times (d = 0.6, p 397 
<0.05). These medium effect sizes (cohen’s d effects of 0.3, 0.5 and 0.8 are typically 398 
regarded as small, medium and large respectively) provide persuasive evidence in support of 399 
our hypothesis,  that the glucose action can be extended to prospective memory. Episodic 400 
memory is the cognitive domain that has consistently shown enhanced performance 401 
following the administration of glucose (d = 0.91; [14]). The retrieval of episodic information 402 
has much in common with prospective memory retrieval; prospective memory tasks are 403 
characterized by the requirement to remember and act upon a previously learned intention, in 404 
the current study triggered by a specific event. These task requirements are similar to those 405 
often used in episodic memory tasks, and it is widely acknowledged that prospective memory 406 
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has a retrospective component (see for example [42,43] for discussion). As well as 407 
remembering that something has to be done, one also has to remember what that something is. 408 
It is therefore possible that the glucose facilitation effect in this task is linked to the retrieval 409 
of the details of the intention (e.g., recalling which key to press). Indeed it has been argued 410 
that glucose facilitates general retrieval from memory ([44]), and Riby [14] found that the 411 
magnitude of the glucose effect varied across tasks requiring retrieval of item and contextual 412 
information (e.g. episodic memory), the retrieval of item only information (e.g. semantic 413 
memory) and the retrieval of short term working memories. This interpretation could be 414 
applied to the results of the present experiment where subjects in the glucose condition might 415 
have been better able to recall the content of the intention.  416 
 417 
However, this account may not tell the full story. In addition to retrieving the relevant 418 
information from episodic memory, subjects in an event-based PM task also have to notice 419 
the target event when it occurs and associate it with the intention. It is thought that subjects 420 
typically accomplish this task by effortful monitoring the environment for the target cue (e.g., 421 
[45]), although McDaniel and Einstein (e.g., [46]) have argued that in some circumstances 422 
the PM cue can trigger spontaneous retrieval of the intention. Strategic monitoring is likely to 423 
rely on executive control processes (e.g., [47,48); consequently experimental manipulations 424 
which decrease the availability of these resources have a disruptive impact on PM 425 
performance (e.g., [49]). We propose that the availability of glucose in the brain may increase 426 
a subject’s capacity to use executive resources to engage in strategic monitoring of the 427 
environment for PM cues.  428 
  429 
 430 
 431 
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Given that the improvement in accuracy marginally failed to reach conventional levels 432 
of statistical significance in our data, further research clearly needs to be carried out in order 433 
to assess the validity of this proposal. However, it would be in line with recent brain imaging 434 
evidence that suggests that glucose ingestion can facilitate frontal lobe - executive 435 
functioning [50, 51]. For example, Riby et al. [51] showed that glucose boosted the P3a 436 
event-related potential component during a visual oddball task. This component is thought to 437 
reflect frontal lobe – executive functioning and the orienting of attention [52]. Also, it has 438 
been shown that nicotine can improve PM performance in both smokers and non-smokers 439 
[53,54]. This effect has been interpreted by Rusted and colleagues as showing that nicotine 440 
can increase the resources available to devote to the strategic monitoring process. We would 441 
argue that glucose is likely to have a similarly beneficial effect, and the enhancement for the 442 
glucose group in both PM accuracy and reaction time would seem to be consistent with this 443 
interpretation. From a neuropsychological perspective, it would be reasonable to suggest that 444 
during complex task performance glucose can benefit brain areas other than the hippocampus, 445 
including the rostral pre-frontal areas thought to “play a super-ordinate role during many 446 
stages of creating, maintaining and enacting delayed intentions”[29, abstract]. The 447 
‘hippocampal hypothesis’ has dominated previous research on the glucose memory 448 
facilitation effect. Selective insulin stimulated uptake of glucose in the hippocampus may 449 
facilitate memory function (as the hippocampus is an area that is densely populated with 450 
insulin receptors [55, 56; see 12 for other candidate mechanism responsible for the glucose 451 
facilitation effect).  However, this might be an over-simplification, since insulin receptors are 452 
highly concentrated elsewhere. Indeed, Park [57] noted that not only are insulin receptors 453 
high in concentration in the hippocampus, but also in areas of the olfactory bulb, cerebral 454 
cortex and cerebellum.  455 
 456 
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 457 
A secondary aim of the current study was to examine the relationship between glucose 458 
regulation and prospective memory performance. Earlier studies suggest a complex 459 
relationship between glycaemia, glucose load and memory enhancing effects. It is evident 460 
from Figure 2 that glucose administration gave rise to the desired glycaemic response. 461 
Although our study was not directly investigating the clinical realms of glucose abnormalities 462 
(e.g. diabetes status) there was a difference between glucose regulation groups in relation to 463 
response times (d= 0.57), partially supporting our secondary hypothesis. This finding is 464 
compatible with a number of studies demonstrating a relationship between gluco-regulatory 465 
status and cognitive performance. Indeed, ageing studies on humans (e.g. [4], work on 466 
diabetes e.g. [9]) and earlier rodent studies (e.g. [58]) have shown poor glucose control leads 467 
to cognitive deficits. The pattern of means (see Table 2) and the effects size (d=0.52) for PM 468 
accuracy is also consistent with this suggestion. Interestingly, from a diagnostic viewpoint, 469 
elevated blood glucose could be a useful biomarker of cognitive decline. Indeed, one study 470 
comparing older adults and adults with Mild Cognitive impairment (MCI) found elevated 471 
blood glucose associated with poor memory abilities. In that study, the key finding was that 472 
elevated baseline glycaemia predicted MCI status compared to ‘normal’ ageing [7]). 473 
Although in the present study we used a broad age range it was not possible to investigate 474 
this issue due to too few older adults in the sample (over 65 years of age). However, further 475 
work is clearly warranted given that older adults find prospective memory skills problematic 476 
[41] and glucose regulatory mechanisms are more susceptible to the ageing process [e.g. 16]. 477 
Another caveat related to the blood glucose data is that a 2-hour fast was employed. Although 478 
research investigating the glucose facilitation effect favours such an approach, a more 479 
traditional overnight fast may have produced different results. For instance, research has 480 
demonstrated that even after an overnight fast, differences in meals consumed prior to test 481 
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impacts on the glycaemic response after glucose load (see for instance [59]). However, our 482 
approach favors examining glucose mediated cognitive facilitation under more naturalistic 483 
conditions. Previous research indicates that differences in baseline blood glucose resulting 484 
from differences in fasting regime (i.e. overnight vs. 2-hr) do not impact on observed 485 
cognitive enhancement effects [36].  486 
 487 
 488 
Although the difference did not reach statistical significance, it is interesting to note 489 
that more subjects remembered to fill in the questionnaire at the end of the session without 490 
prompting after glucose. The naturalistic task was only a side issue in the current 491 
investigation, but this could be one avenue for future research into the benefits of glucose on 492 
PM performance. Regarding the filler task (SART) there was no evidence of glucose 493 
facilitation in the present study possibly due to insufficient time after treatment (10 mins) to 494 
promote cognitive facilitation. This finding is also consistent with previous research showing 495 
no effects on simple attention tasks (d=0.12; [14]).  496 
 497 
 498 
The current pilot study has provided preliminary evidence that glucose may have a 499 
beneficial effect on the retrieval of prior intentions in response to prospective cues. We 500 
propose that glucose may increase the capacity for strategic monitoring of the environment 501 
for the PM target event. In terms of glucose regulation abnormalities, these data add to the 502 
growing body of evidence suggesting a link between one’s own ability to regulate glucose 503 
and cognitive performance.  504 
505 
  
22 
6. Acknowledgments: 506 
 507 
 508 
We would like to thank Alan Smith for contributions during the planning stage and Valerie 509 
Gunn, Jonathon Reay for helpful comments on an early draft of the paper. The work was 510 
carried out in the Division of Psychology, Glasgow Caledonian University and supported by 511 
internal funding. 512 
513 
  
23 
 514 
7. References 515 
 516 
 517 
1. Foster JK, Lidder PG, Sünram S. Glucose and memory: fractionation of enhancement 518 
effects? Psychopharmacology 1998; 137: 259-270. 519 
2. Kennedy DO, Scholey AB. Glucose administration, heart rate and cognitive 520 
performance: effects of increasing mental effort. Psychopharmacology 2000; 149: 63-521 
71. 522 
3. Meikle A, Riby LM, Stollery B. The impact of glucose ingestion and gluco-regulatory 523 
control on cognitive performance: a comparison of younger and middle aged adults. 524 
Hum Psychopharmacol 2004; 19: 523-35.  525 
4. Riby LM, McLaughlin J, Riby DM, Graham C. Lifestyle, glucose regulation and the 526 
cognitive effects of glucose load in middle-aged adults. Br J Nutr 2008; 100: 1128-527 
1134. 528 
5. Manning CA, Parsons MW, Gold PE. Anterograde and retrograde enhancement of 24-529 
h memory by glucose in elderly humans. Behav Neural Biol 1992; 5: 125-30. 530 
6. Riby LM, Meikle A, Glover C. The effects of age, glucose ingestion and gluco-531 
regulatory control on episodic memory. Age Ageing 2004; 33: 483-487. 532 
7. Riby LM, Marriott A, Bullock R, Hancock J, Smallwood J, McLaughlin J. The 533 
Effects of glucose ingestion and glucose regulation on memory performance in older 534 
adults with Mild Cognitive Impairment. Eur J Clin Nutr 2009; 63: 566–571. 535 
8. Manning CA, Ragozzino ME, Gold PE. Glucose enhancement of memory in patients 536 
with probable senile dementia of the Alzheimer's type. Neurobiol Aging 1993; 14: 537 
523-528. 538 
  
24 
9. Gradman TJ, Laws A, Thompson LW, Reaven GM. Verbal learning and/or memory 539 
improves with glycemic control in older subjects with non-insulin-dependent diabetes 540 
mellitus. J Am Geriatr Soc. 1993; 41: 1305-12. 541 
10.  McNay EC, Fries TM, Gold PE. Decreases in rat extracellular hippocampal glucose 542 
concentration associated with cognitive demand during a spatial task. Proc Nat Acad  543 
Sci USA 2000; 97; 2881–2885. 544 
11. Scholey AB, Harper S, Kennedy DO. Cognitive demand and blood glucose. Physiol 545 
and Behav 2001; 73, 585-592. 546 
12. Smith MA, Riby LM, van Eekelen JA & Foster JK.  Glucose enhancement of human 547 
memory: A comprehensive review of the glucose facilitation effect. Neurosci 548 
Biobehav Rev. 2011; 35, 770-783. 549 
13. Brandimonte M, Einstein GO,  McDaniel MA. Prospective memory: Theory and 550 
applications. Mahwah, NJ: Erlbaum; 1996. 551 
14. Riby LM. The impact of age and task domain on cognitive performance: a meta-552 
analytic review of the glucose facilitation effect. Brain Impair 2004; 5: 145-165.  553 
15. Awad N, Gagnon M, Desrochers A, Tsiakas M, Messier C. Impact of peripheral 554 
glucoregulation on memory. Behav Neurosci 2002; 116: 691-702. 555 
16. Kaplan RJ, Greenwood CE, Winocur G, Wolever TMS. Cognitive performance is 556 
associated with glucose regulation in healthy elderly persons and can be enhanced 557 
with glucose and dietary carbohydrates. Am J Clin Nutr 2000; 72: 825-836. 558 
17. Frayn KN.  Metabolic regulation: A human perspective. Oxford: Wiley-Blackwell,; 559 
2010. 560 
18. Parker PY, Benton D. Blood-glucose levels selectively influence memory for word 561 
lists dichotically presented to the right ear. Neuropsychologia 1995; 33; 843-854. 562 
19. Mark V, Rose FG. Hypoglycaemia. Oxford: Blackwell Scientific; 1981. 563 
  
25 
20. Sünram-Lea SI, Dewhurst SA, Foster JK. The effect of glucose administration on the 564 
recollection and familiarity components of recognition memory. Biol Psychol 2008; 565 
77: 69-75.  566 
21. Riby LM, Riby DM. Glucose, ageing and cognition: The hippocampus hypothesis. 567 
Edited by Ballesteros S: Age, Cognition and Neuroscience 2006; Madrid: UNED, 568 
Varia 2004, 79-92. 569 
22. Benton D, Owens DS, Parker PY. Blood-glucose influences memory and attention in 570 
young-adults. Neuropsychologia 1994; 32: 595-607. 571 
23. Owen L, Finnegan Y, Hu H, Scholey AB, Sünram-Lea SI. Glucose effects on long-572 
term memory performance: duration and domain specificity. Psychopharmacology 573 
2010; 211: 131-40. 574 
24. Messier C, Gagnon M, Knott V. Effect of glucose and peripheral glucose regulation 575 
on memory in the elderly. Neurobiol Aging 1997; 18: 297-304. 576 
25. Scholey AB, Sünram-Lea SI, Greer J, Elliott J, Kennedy DO. Glucose administration 577 
prior to a divided attention task improves tracking performance but not word 578 
recognition: evidence against differential memory enhancement? 579 
Psychopharmacology 2009; 202: 549-58. 580 
26. Scholey AB, Harper S, Kennedy DO. Cognitive demand and blood glucose. Physio 581 
Behav 2001; 73: 585-592.     582 
27. Sunram-Lea SI, Foster JK, Durlach P, Perez C. Investigation into the significance of 583 
task difficulty and divided allocation of resources on the glucose memory facilitation 584 
effect. Psychopharmacology 2002; 160: 387-397. 585 
28. Meikle A. Glucose and memory: towards a condition based hypothesis. PhD Thesis  586 
2002, Univer of Bristol. 587 
  
26 
29. Burgess PW, Gonen-Yaacovi G, Volle E. Functional neuroimaging studies of 588 
prospective memory: What have we learnt so far? Neuropsychologia 2011; doi: 589 
10.1016/j.neuropsychologia.2011.02.014 590 
30. Nelson HE. National Adult heading Test. Test Manual. Windsor: NFER-Nelson. 591 
Nelson, H 1982.  592 
31. Marsh RL, Hicks JL, Hancock TW, Munsayac K. Investigating the output monitoring 593 
component of event-based prospective memory performance. Mem Cognit 2002; 30: 594 
302-11. 595 
32. Einstein GO, McDaniel MA. Prospective memory: multiple retrieval processes. Curr 596 
Dir Psychol Sci 2005; 14: 286-290. 597 
33. Kucera H, Francis WN. Computational Analysis of Present Day American English. 598 
Providence: Brown Univer. Press; 1967. 599 
34. Robertson IH, Manly T, Andrade J, Baddeley BT, Yiend J: Oops!. Performance 600 
correlates of everyday attentional failures in traumatic brain injured and normal 601 
subjects. Neuropsychologia 1997; 35: 747-758. 602 
35. Mackay C, Cox T, Burrows G, Lazzerini T. An inventory for measurement of self-603 
reported stress and arousal. Br J Soc Clin Psychol 1978; 17: 283-284. 604 
36. Sünram-Lea SI, Foster JK, Durlach P, Perez C. Glucose facilitation of cognitive 605 
performance in healthy young adults: examination of the influence of fast-duration, 606 
time of day and preconsumption plasma glucose levels. Psychopharmacology 2001; 607 
157: 46-54. 608 
37. Sünram-Lea, SI, Owen L, Finnegan Y, Hu H. Dose-response investigation into 609 
glucose facilitation of memory performance and mood in healthy young adults. J 610 
Psychopharmacol 2010, doi: 10.1177/0269881110367725. 611 
  
27 
38. Alberti KGM, Zimmet, PZ. Definition, diagnosis and classification of diabetes 612 
mellitus and its complications. Part 1: diagnosis and classification of diabetes mellitus 613 
provisional report of a WHO consultation. Diabet Med 1998; 15: 539-53. 614 
 615 
39. Riby LM, Meikle A, Glover C. The effects of age, glucose ingestion and gluco-616 
regulatory control on episodic memory. Age Ageing 2004; 33: 483-487. 617 
 618 
40.  Meikle A, Riby LM, Stollery B. The impact of glucose ingestion and gluco-619 
regulatory control on cognitive performance: A comparison of younger and middle-620 
aged adults. Hum Psychopharmacol 2004; 19: 523-535. 621 
 622 
41. Smith G, Della Sala S, Logie RH, Maylor EA. Prospective and retrospective memory 623 
in normal ageing and dementia: a questionnaire study. Memory 2000; 8: 311-21. 624 
42. Carlesimo GA, Casadio P, Caltagirone C. Prospective and retrospective components 625 
in the memory for actions to be performed in patients with closed-head injury. J Int 626 
Neuropsychol Soc 2004; 10: 679-88. 627 
43. Burgess PW, Shallice T. The relationship between prospective and retrospective 628 
memory: neuropsychological evidence. In: Conway MA,  editor. Cognitive Models of 629 
Memory. Hove: Psychology Press; 1997. p. 247-272. 630 
44. Allen JB, Gross AM, Aloia MS, Billingsley C. The effects of glucose on nonmemory 631 
cognitive functioning in the elderly. Neuropsychologia 1996; 34: 459-465. 632 
45. Smith RE, Hunt RR, McVay JC, McConnell MD. The cost of remembering event-633 
based prospective memory: Salient target events. J Exp Psychol Learn Mem Cogn 634 
2007; 33: 734-746. 635 
46.  Einstein GO, McDaniel MA. Prospective memory and what costs do not reveal about 636 
retrieval processes: A commentary on Smith, Hunt, McVay, and McConnell (2007). J 637 
Exp Psychol Learn Mem Cogn 2010; 36: 1082-1088. 638 
  
28 
47. Martin M, Kliegel M, McDaniel MA. The involvement of executive functions in 639 
prospective memory performance of adults. Int J  Psych 2003; 38: 195-206. 640 
48. Kopp UA, Thöne-Otto AIT. Disentangling executive function and memory processes 641 
in event-based prospective remembering after brain damage: A neuropsychological 642 
study. Int J  Psych 2003; 38: 229-235. 643 
49. Marsh RL, Hicks JL. Event-based prospective memory and executive control of 644 
working memory. J Exp Psychol Learn Mem Cogn 1998; 24: 336-349. 645 
50. Stone WS, Thermenos HW, Tarbox SI, Poldrack RA, Seidman LJ. Medial temporal 646 
and prefrontal activation during verbal encoding following glucose ingestion in 647 
schizophrenia: a pilot fMRI study. Neurobiol Learn Mem 2005; 83: 54-64. 648 
51. Riby LM, Sünram-Lea SI, Graham C, Foster JK, Cooper T, Moodie C, Gunn VP.  649 
P3b versus P3a: An event-related potential investigation of the glucose facilitation 650 
effect. J Psychopharmacol 2008; 22: 486-492. 651 
52. Knight RT. Distributed cortical network for visual attention. J Cogn Neurosci 1997; 9: 652 
75–91. 653 
53. Rusted JM, Trawley S, Heath J, Kettle G, Walker H. Nicotine improves memory for 654 
delayed intentions. Psychopharmacology 2005; 182: 355–365. 655 
54. Rusted JM, Trawley S. Comparable effects of nicotine in smokers and nonsmokers on 656 
a prospective memory task. Neuropsychopharmacology 2006; 31: 1545–1549. 657 
55. Craft S, Murphy CG, Wemstrom J. Glucose effects on complex memory and 658 
nonmemory tasks: The influence of age, sex, and glucoregulatory response. 659 
Psychobiology 1994; 22: 95-105.  660 
56. Unger J, McNeill TH, Moxley RT, White M, Mosi A, Livingston JN. Distribution of 661 
insulin receptor-like immunnoreactivity in the rat forebrain. Neuroscience 1989; 31, 662 
143–157. 663 
  
29 
57. Park CR. Cognitive effects of insulin in the central nervous system. Neurosci 664 
Biobehav Rev 2001; 25: 311-23. 665 
58. Stone WS, Wenk GL, Olton DS, Gold PE. Poor glucose regulation predicts sleep and 666 
memory deficits in normal aged rats. J Gerontol B 1990; 45: 169-173. 667 
59. Wolever TM, Jenkins DJ, Ocana AM, Rao VA, Collier GR. Second-meal effect: low-668 
glycemic-index. Am J Clin Nutr. 1998; 48: 1041-1047. 669 
 670 
 671 
  
30 
672 
  
31 
 673 
Table 1  674 
Characteristics of subjects in the placebo and glucose drink treatment groups
a
 675 
   
 Placebo (n=29) Glucose (n=27) 
 
   
Age (y) 
 
Pre-morbid IQ NART
b 
 
Baseline Arousal Score
c
 
 
Baseline Stress Score
c
 
 
Baseline glucose (mmol/L) 
 
35.2 + 18.0 
 
29.4 + 4.0 
 
9.7 + 3.6  
 
4.1 + 3.8 
 
5.5 + 0.7 
     33.5 + 16.1 
 
37.9 +  4.7 
 
8.9 + 3.2 
 
4.3 + 4.3 
 
5.4 + 0.8 
 676 
a
Values are means + SD 677 
b
National Adult Reading Test scores 678 
c
Mackay et al. Stress and Arousal Inventory scores679 
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 680 
Table 2. 681 
Accuracy (hits) and reaction time for prospective memory task and Accuracy (hits minus false alarms) and reaction time for the SART filler task 682 
across treatment and glucose regulation groups
a
 683 
 684 
 685 
 
 
   PGR- Placebo (n=13)   
    
PGR-Glucose (n=10) 
 
GGR-Placebo (n=11)  
 
GGR-Glucose (n=12) 
 
PM Accuracy (%)        
PM RT (ms) 
SART Accuracy (%) 
SART RT (ms) 
     
 52.6 + 44.8  
2038 + 694 
47.8 + 21.0 
335 + 59 
 
82.5 + 20.2 
1459 + 433 
31.9 + 35.9 
321 + 24 
 
80.3 + 29.4 
1472 + 419 
49.9 + 19.6 
311 + 58 
 
86.1 + 27.4 
1380 + 359 
40.7 + 23.1 
326 + 41 
a
Values are means + SD 686 
PGR, Poor glucose regulators; GGR, Good glucose regulators, PM, Prospective memory; SART, Sustain attention to response task 687 
688 
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Figure Caption 689 
 690 
Figure 1 Sequence of testing 691 
Figure 2 Changes in blood glucose levels over time as a function of treatment (placebo, 25g)  692 
693 
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